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LOCALIZATION OF A SENSOR DEVICE IN A BODY 
TECHNICAL FIELD 

[0001] This invention relates to the field of medical devices and procedures and, 

in particular, to localization of devices within a body. 

BACKGROUND 

[0002] Radiation therapy involves medical procedures that selectively expose 

certain areas of a human (or animal) body, such as cancerous tumors, to high doses of 
radiation. The intent of the radiation therapy is to irradiate the targeted biological tissue 
such that the harmful tissue is destroyed. To minimize damage to surrounding body 
tissues, many conventional treatment methods utilize "dose fractionating" to deliver the 
radiation dosage in a planned series of treatment sessions that each delivers only a portion 
of the total planned dosage. Healthy body tissues typically have greater capacity to 
recover from the damage caused by exposed radiation. Spreading the delivered radiation 
over many treatment sessions allows the healthy tissue an opportunity to recover from 
radiation damage, thus reducing the amount of permanent damage to healthy tissues while 
maintaining enough radiation exposure to destroy the tumor. 

[0003] The efficacy of the radiation treatment depends in part upon the ability to 

monitor radiation dose to different tissue areas. One monitoring device is discussed in 
U.S. Patent No. 6,402,689. The implantable monitoring device is being developed by 
Sicel Technologies, Inc. of Morrisville, NC. It is a telemetric radiation dosimeter 
intended to provide real time measurements of radiation dose delivery to tissue and 
organs on or near irradiate areas of a patient. It is a radio-opaque device composed of a 
radiation dosimeter (RADFET), microprocessor and antenna enclosed in a biocompatible 
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capsule. Such a telemetric device can provide on-going monitoring of physiological 
conditions of a tumor during a treatment period in a way which provides information to 
the physician to assist in therapeutic decisions. 

[0004] Other devices have also been developed to monitor, in real time, other 

physiological parameters such as cardiac conditions, glucose, and temperature. One 
problem with all such implantable devices is that they do not provide a means for 
monitoring the location of the device within the body in absolute coordinates or in 
relative anatomical coordinates. Although the radio-opaqueness of the Sicel device 
enables a physician to view the in-vivo position of the device on CT scan or port film, it 
is desirable to know the precise 3D location of the biotelemetry device in the body in 
order to relate its transponding activity to specific anatomical locations, monitor 
anatomical distortions and changes over time, and any treatment implication thereof. For 
example, mobile anatomic sites, such as the lungs and prostate, are especially difficult to 
treat. Normal fluctuations in respiration, muscle motion, bowel and bladder contents 
prevent those organs from remaining in a fixed position and make it more difficult to aim 
the radiation at a precise point. As such, knowing the precise 3D location of the 
biotelemetry device in the body may facilitate the dose and placement of radiation in 
subsequent treatment sessions in order to ensure that the target volume (e.g., tumor) 
receives sufficient radiation and that injury to the surrounding and adjacent non-target 
volumes (e.g., healthy tissue) is minimized. 

[0005] Some prior art solutions to localize a biotelemetry device in the body 

utilizes the transmission of radio-frequency or acoustic signals outside of the body that 
are detected by an array of external sensors. The array of external sensors defines an 
external coordinate system from which the location and movement of the biotelemetry 
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device can be calculated. One of the problems with such solutions is that the devices 
require an independent power source, such as a battery, which increases design 
complexity, size and cost and limits the device's lifespan. 

[0006] Other prior art position localization approaches involve the implantation of 

fiducial markers at various positions within the body. In such systems, the markers 
consist of a passive structure that is limited in material properties to a specific imaging 
system (e.g., MRI, x-ray, fluoroscopy, CT scanners or ultrasound). The imaging data is 
scanned for the presence and position of such markers. The positions of these markers 
form the anchor points for a spatial positioning reference frame. One problem with such 
an approach is that each marker type can only be used with a specific imaging system, 
which greatly limits the application of such markers. 
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SUMMARY OF EMBODIMENTS OF THE INVENTION 

[0007] The present invention pertains to methods and apparatus for localization of 

a sensor device in a body. 

[0008] In one embodiment, the sensor device may include a sensor element 

configured to monitor in vivo a physiological parameter associated with a patient and a 
plurality of imagable marker properties. 

[0009] In one embodiment, the method may include implanting a sensor device in 

a body and discerning an orientation of the sensor device in the body using an imaging 
technique. 

[0010] In another embodiment, the method may include situating a sensor device 

in a body and identifying a position of the sensor device relative to an internal coordinate 
system using an imaging technique. 

[0011] Additional features and advantages of the present invention will be 

apparent from the accompanying drawings, and from the detailed description that follows 
below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The present invention is illustrated by way of example, and not by way of 

limitation, in the figures of the accompanying drawings. 

[0013] Figure 1 A illustrates an enlarged imaged prostrate area of patient's body 

having a sensor device and a plurality of marker seeds. 

[0014] Figure IB illustrates an enlarged imaged prostate area using a second 

imaging modality having an array of markers that are imagable and a sensor device that is 
not imagable. 

[0015] Figure 2 A illustrates one embodiment of a sensor device having markers 

disposed thereon. 

[0016] Figure 2B illustrates an alternative embodiment of a sensor device having 

markers disposed therein. 

[0017] Figure 3 illustrates one embodiment of a sensor device having a casing 

with multiple imaging properties. 

[0018] Figure 4 illustrates one embodiment of an imaging system. 

[0019] Figure 5 illustrates one embodiment of digital processing system of Figure 

4. 

[0020] Figure 6 illustrates one embodiment of a localization method. 

[0021] Figure 7 illustrates one embodiment of detecting a marker and removing a 

false marker in an image. 

[0022] Figure 8A illustrates one embodiment of a positional offset between 

internal markers imaged at different times. 
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[0023] Figure 8B illustrates one embodiment of a pair of stereo images and an 

epipolar line. 

[0024] Figure 9 illustrates one embodiment of a median filtering of an image 

segment containing a marker. 

[0025] Figure 10A illustrates one embodiment of an image region of interest, 

containing a marker, after the use of a median filter. 

[0026] Figure 10B illustrates one embodiment of an image region of interest, not 

containing a marker, after the use of a median filter. 

[0027] Figure 1 1 A illustrates one embodiment of an image region of interest, 

containing a marker, after a connected component analysis with a low threshold. 
[0028] Figure 1 IB illustrates one embodiment of an image region of interest, not 

containing a marker, after a connected component analysis with a low threshold. 
[0029] Figure 12A illustrates an image region of interest, containing a marker, 

after a connected component analysis with a higher threshold than used for the image of 
Figure 11 A. 

[0030] Figure 12B illustrates an image region of interest, not containing a marker, 

after a connected component analysis with a higher threshold than used for the image of 
Figure 11B. 

[0031] Figure 13 is a table illustrating the relationship between various 

localization parameters. 

[0032] Figure 14 illustrates an alternative embodiment of localizing markers 

using digitally reconstructed radiographs produced from different view angles using a CT 
set. 
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[0033] Figure 15 illustrates one embodiment of graphically displaying 3D 

coordinates of imaged markers. 
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DETAILED DESCRIPTION 

[0034] In the following description, numerous specific details are set forth such as 

examples of specific systems, components, methods, etc. in order to provide a thorough 
understanding of the present invention. It will be apparent, however, to one skilled in the 
art that these specific details need not be employed to practice the present invention. In 
other instances, well-known components or methods have not been described in detail in 
order to avoid unnecessarily obscuring the present invention. 
[0035] The present invention includes various steps, which will be described 

below. The steps of the present invention may be performed by hardware components or 
may be embodied in machine-executable instructions, which may be used to cause a 
general-purpose or special-purpose processor programmed with the instructions to 
perform the steps. Alternatively, the steps may be performed by a combination of 
hardware and software. 

[0036] The present invention may be provided as a computer program product, or 

software, that may include a machine-readable medium having stored thereon 
instructions, which may be used to program a computer system (or other electronic 
devices) to perform a process according to this present invention. A machine-readable 
medium includes any mechanism for storing or transmitting information in a form (e.g., 
software, processing application) readable by a machine (e.g., a computer). The machine- 
readable medium may include, but is not limited to, magnetic storage medium (e.g., 
floppy diskette); optical storage medium (e.g., CD-ROM); magneto-optical storage 
medium; read-only memory (ROM); random-access memory (RAM); erasable 
programmable memory (e.g., EPROM and EEPROM); flash memory; electrical, optical, 
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acoustical, or other form of propagated signal (e.g., carrier waves, infrared signals, digital 
signals, etc.); or other type of medium suitable for storing electronic instructions. 
[0037] The present invention may also be practiced in distributed computing 

environments where the machine-readable medium is stored on and/or executed by more 
than one computer system. In addition, the information transferred between computer 
systems may either be pulled or pushed across the communication medium connecting the 
computer systems, such as in a remote diagnosis or monitoring system. In remote 
diagnosis or monitoring, a user may utilize the present invention to diagnose or monitor a 
patient despite the existence of a physical separation between the user and the patient. 
[0038] A method and apparatus for localization of a sensor device and/or a target 

within a body using in vivo markers is discussed. In one embodiment, the target may be 
an anatomical landmark and the markers may be marker seeds. The markers may be 
implanted in the body in a target volume. The markers (e.g., radio-opaque) may be 
localized relative to a treatment isocenter (e.g., as part of the planning process) using an 
imaging technique, for examples, the CT dataset used for planning the treatment, 
radiographic images from a simulator, or radiographic images from the first day of 
treatment. The localized markers operate as a 3D reference position. Then, in a 
subsequent treatment session, the markers can be localized again using images (e.g., X- 
ray) acquired in that subsequent session. The subsequent images may be acquired using 
either the same imaging modality as the earlier acquired images or a different imaging 
modality if the markers are capable of being imaged using the different imaging 
modalities. 

[0039] By comparing the position of the markers with their reference position, 

any necessary adjustments to the patient position and orientation (and/or treatment beam 
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direction and shape) may be determined. The adjustments may be determined so that the 
target geometry relative to the treatment beam is as close as possible to the planned 
geometry. 

[0040] In one embodiment, the target may be a sensor device. Although, the 

following discussion may be in reference to a sensor device, the sensor device may also 
have telemetric capabilities such as a responder or a transponder. In one embodiment, the 
method and apparatus described provides a means to localize in the body one or more 
sensor devices (e.g., sensor, responder, transponder, etc.). The sensor device may be 
situated in the body through various means, for example, implantation through injection. 
The site may be, for examples, adjacent a tumor, normal tissue or any other area of 
interest. The device may be identified by imaging techniques that measure, for examples, 
radio-opacity, ultrasound, magnetic or other characteristics that may be imaged. The 
imagable properties of the device may be integral in its construction or may be added to 
the device in order to make it imagable. In one embodiment, the device maybe situated 
in the body as part of an array or constellation of imagable markers. One or more of the 
imagable markers may also be a sensor device. 

[0041] The device may include one or more sensor elements that sense one or 

more of a variety of physiological parameters, for examples, radiation dose, temperature, 
pH, metabolism, oxygenation. In one embodiment, the device may record and/or transmit 
such measurements, for example, by telemetric technology. Similarly, the device may 
respond to external signals (e.g., electrical, optical, ultrasonic, magnetic) or be 
programmed to respond to internally received signals that are being measured. The 
location of each of the sensor elements within the sensor device may be determined 
relative to one or more markers discussed in further detail below. 
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[0042] In one embodiment, the device may be configured to respond to a signal, 

for example, by release of a therapeutic drug enclosed within the device. For example, 
the device may respond to an external signal to become "activated'* to produce a 
secondary local signal that causes release of therapeutic or diagnostic drugs that are 
encapsulated in other small containers injected or otherwise implanted into the body. 
[0043] The sensor device(s) may be localized using image processing software. 

In one embodiment, this process may involve analysis of images taken from different 
perspectives. The location in the body of the imaged device(s) may be related to an array 
of markers that can, in turn, be related to various anatomical locations viewed by an 
imaging method. Accordingly, the location of the sensor device can be known relative to 
anatomical landmarks. Movement of the sensor device caused by motion of the part of 
the body in which it is located can also be measured so that location of the sensor device 
over an integral period of time can be directly known or can be mathematically modeled 
and predicted. 

[0044] In one embodiment, orientation of the sensor device can also be 

determined through the use of multiple markers or multiple imaging properties. For 
example, markers may be placed on various locations on the device or in different 
patterns on the device. Different sections of the casing of the sensor device may be 
fabricated to have different imaging properties. If several sensor devices are placed in the 
body, they may each have different imaging markers or imaging properties, thereby 
making it possible to determine specific device location as well as a device's orientation. 
[0045] Figure 1 A illustrates an enlarged imaged prostrate area of a patient's body 

having a sensor device and a plurality of markers (e.g., marker seeds). The sensor device 
100 and the marker 1 10 are situated in or near an area of interest in body 105. In one 
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embodiment, sensor device 100 may be situated within a volume defined by the array of 
markers seeds 1 10 as illustrated in Figure 1 A. In an alternative embodiment, sensor 
device 100 may be situated outside a volume define by the array of markers 1 10. 
[0046] For example, the area of interest may be a target volume in body 1 05 

containing a prostate with a tumor cell population as illustrated in Figure 1 A. An array of 
markers 1 10 may be implanted near the prostrate with the sensor device 100 situated 
within a volume defined by the array of markers 110. The sensor device 100 may be 
situated in the prostate to measure the dose of treatment radiation received. Although, 
conventional imaging techniques can locate a sensor device, it may be desirable to know 
the sensor device's precise position in the body 105 and, in particular, relative to other 
anatomical landmarks. For example, if the sensor device 100 is implanted in the prostate 
to monitor radiation dose delivered to a prostrate tumor, then the device's proximity to 
other anatomical landmarks (e.g., the rectal wall) would be desirable to know in order to 
extrapolate or otherwise determine radiation delivered to these other anatomical 
landmarks and minimize damage to such areas from subsequent the radiation treatment. 
[0047] It should be noted that Figures 1 A and IB illustrate a prostrate area only 

for ease of discussion and that the invention is not limited to use only in a prostate area. 
In alternative embodiments, the area of interest may include any other area in the body 
such as other organs (e.g., liver or lung), a tumor, normal tissue, etc. 
[0048] Sensor device 1 00 may sense one or more of a variety of physiological 

parameters, for examples, radiation dose, temperature, pH, metabolism, oxygenation. 
Continuing the example above, sensor device 100 may be used to monitor radiation dose 
delivered to tumor cells of the prostate. In one embodiment, the sensor device 100 may 
record and/or transmit such measurements, for example, by telemetric technology. 
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Sensor and telemetric technology is known in the art; accordingly, a detailed discussion is 
not provided. 

[0049] The sensor device 100 may respond to external signals (e.g., electrical, 

optical, ultrasonic, magnetic) or be programmed to respond to internally received signals 
that are being measured. In one embodiment, sensor device 100 may be configured to 
respond to a signal, for example, to release a therapeutic drug (e.g., chemo therapy for the 
prostate tumor) enclosed with the sensor device 100. In another embodiment, for another 
example, sensor device 100 may respond to an external signal to become "activated" to 
produce a secondary local signal that causes release of therapeutic or diagnostic drugs that 
are encapsulated in other devices (not shown) that have been injected or otherwise 
implanted into the body 105. 

[0050] The markers 1 10 are intended to remain in position relative to the target 

tissue volume so that an imaging system can detect the markers as discussed below. In 
one embodiment, for example, the sensor device and/or the markers 110 may be placed in 
the needle of a biopsy syringe. The needle is injected into a patient's body and the sensor 
device and/or marker seed 1 10 is expelled from the needle into body tissue. 
Alternatively, other methods may be used to implant the sensor device and/or the markers 
1 10, such as surgically. 

[0051] During treatment, for example, a short x-ray exposure may be used to form 

an image for the purpose of imaging. In such an image, only bone and airways are readily 
discernable and soft-tissue delineation is limited. However, markers 1 10 placed within 
the target volume, such as the prostate area illustrated in Figure 1 A, act as a facsimile for 
the target. The sensor device 100 and/or markers 110 may be imaged using one of several 
modalities, for examples, kilo voltage x-rays or mega voltage x-rays, ultrasound, or MRI. 
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In one embodiment, the markers 1 10 may be used to determine an internal coordinate 
system and the location of the sensor device 100 may be determined relative to such an 
internal coordinate system. 

[0052] In one embodiment, markers 1 1 0 may be marker seeds. Marker seeds may 

be cylindrical in shape with a length in the approximate range of 3.0 and 6.0 millimeters 
and a diameter in the approximate range of 0.5 and 3.0 millimeters. In alternative 
embodiments, the marker seeds may have other shapes (e.g., rectangular, spherical, etc.) 
and other dimensions. It should be noted that markers 1 10 are not limited to only markers 
seeds. Alternatively, other types of marker devices having imagable properties may be 
utilized as markers 1 10, for examples, surgical clips and orthopedic screws. 
[0053] Conventional marker seeds have been made from various materials, for 

examples, gold and platinum due to their high density, high atomic number and biological 
compatibility. Because marker seeds typically are completely inactive, they tend not to 
do any injury to the body or cause discomfort to the patient. It may be desirable that 
markers 1 10 do not move relative to the target volume once implanted in the patient. In 
one embodiment, one or more of the markers 1 10 may be completely solid with a smooth 
surface or porous throughout its entire volume. Alternatively, markers 1 10 having a 
combination of dense material and porous material may be used to promote imaging 
detectability along with tissue adhesion. 

[0054] Alternatively, other materials (e.g., tungsten or tantalum) and 

combinations of materials may be used for the markers 110. For example, if MRI 
imaging is to be used, the material(s) for the markers 1 10 may be chosen to be 
particularly effective in MRI applications. The markers 1 10 may be generated from 
materials chosen to minimize perturbation of a magnetic field. In one such embodiment, 
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the markers 110 may be made from a combination of materials having magnetic 
susceptibilities of opposite sign. When a diamagnetic material (e.g., gold) is placed in an 
external magnetic field, it tends to exclude the magnetic field from the interior of the 
metal. Magnetic field lines are deviated so that a greater number of field lines pass 
around rather than through the metal when compared to the unperturbed magnetic field 
pattern. Conversely, paramagnetic materials (e.g., platinum and tantalum) in an external 
magnetic field will perturb the magnetic field in the opposite direction to diamagnetic 
material, so that the magnetic field lines are deviated so as to increase the number of field 
lines passing through the paramagnetic material. 

[0055] In one particular embodiment, the markers 1 1 0 are constructed of a 

material(s) such that they may be imaged using two or more modalities (by imaging 
techniques that measure, for examples, radio-opacity, sonic, magnetic or other material 
characteristics), as illustrated by Figures 1 A and IB. Figure IB illustrates a sensor device 
not imagable in a second modality and an array of markers that are imagable in the 
second modality. In one embodiment, both the markers 1 10 and the sensor device 100 
may be imaged using a first modality as illustrated by enlarged image 190 in Figure 1 A. 
The image of the array of markers 1 10 may used to establish an internal coordinate 
system and the position of the sensor device 100 may be identified relative to one or more 
markers 1 10 in the established coordinate system, as discussed below in relation to Figure 
6. 

[0056] In the second modality, the markers 1 1 0 may also be imaged as illustrated 

by enlarged image 195 of Figure IB, however, the sensor device 100 may not be 
imagable in this second modality as shown by the absence of sensor device 100 in 
enlarged image 195 of Figure IB. In such an embodiment, the senor device 100 may be 
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identified in the previously established coordinate system using image processing 
software to relate the positions of the array of markers seeds in the second imaging 
modality with their positions in the first imaging modality. The location in the body 105 
of sensor device 100 imaged in the first modality is determined. When the position of the 
array of markers 1 10 in the second modality (illustrated by enlarged image 195) is 
identified in the coordinate system, the location of the sensor device 100 may be then 
calculated in the internal coordinate system (i.e., relative to one or more markers 1 10) and 
displayed with a computing system as discussed below in relation to Figure 4. The 
localization process is discussed in more detail below in relation to Figure 6. 
[0057] As such, even though sensor device 100 cannot be imaged in second 

modality 195 of Figure IB, the location of sensor device 100 in body 105 may be known 
relative to the array of markers 1 10. This, in turn, can be related to various anatomical 
landmarks viewable by the imaging modalities. Accordingly, the location of sensor 
device 100 can also be known relative to anatomical landmarks. Movement of the senor 
device 100 caused by, for example, motion of the part of the body in which sensor device 
100 is situated can also be measured so that location of the device over an integral of time 
can be directly calculated or mathematically modeled and predicted. Tracking 3D 
position verses time may be performed as discussed below in relation to Figure 6. In one 
embodiment, the resulting trajectory of the markers may then be processed using a 
predictive filter, for example, as discussed in pending U.S. patent application 09/178,383 
titled, "METHOD AND SYSTEM FOR PREDICTIVE PHYSIOLOGICAL GATING OF 
RADIATION THERAPY," which is herein incorporated by reference. Alternatively, 
other predictive filters known in the art may be used. 
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[0058] The position of internal body areas of interest constantly change due to, for 

examples, deformation of elastic structures (e.g., organs) caused by normal fluctuations in 
respiration and muscle motion or by progression of disease (e.g., intra-cranial swelling). 
Such prevents areas (e.g., organs) from remaining in a fixed position and makes it more 
difficult to aim treatment radiation at a precise point (e.g., tumor). If the sensor device 
100 is situated in such anatomic areas of body 105 that distort, then sensor device 100 
may not be located in the same fixed position relative to an external reference source. If 
the array of markers seeds 1 10 is also located in the anatomic area that distorts, then by 
relating the position of the sensor device 100 to the array of markers seeds 1 10, a more 
accurate position of the sensor device 100 within the body 105 may be determined. More 
accurately knowing the location of the sensor device 100 in body 105 may facilitate 
measurement and/or delivery of, for example, radiation in certain areas in order to ensure 
that a target volume (e.g., tumor) receives sufficient radiation and that injury to the 
surrounding and adjacent non-target volumes (e.g., healthy tissue) is minimized. 
[0059] In another embodiment, the array of markers 1 1 0 may be used either with 

or without sensor device 100 to determine the position of an anatomical landmark using a 
system that can directly image the array of markers 1 10 but, perhaps, not the anatomical 
landmark. In such an embodiment, an anatomical landmark (e.g., bone, organ, or other 
body structure) is imaged with a first imaging modality and its location in body 105 
related to the array of markers 1 10 that are also imagable with the first imaging modality. 
The imaging system generates an internal coordinate system based on the array of 
markers seeds 1 10 and determines the location of the anatomical landmark in the 
coordinate system. For example, if an ultrasound imaging system is used, then the 
imaging system can detect the position of the anatomical landmark and the positions of 
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markers 1 10 using ultrasound techniques. An internal coordinate system may be 
calculated using the detected markers. Based on the position of the markers 1 10, the 
exact position of the anatomical landmark can be calculated relative to the internal 
coordinate system (e.g., relative to at least one of the markers). 
[0060] At a following session, the array of markers 110 may be imagable in a 

second imaging modality 195 but not the anatomical landmark. However, even though 
the anatomical landmark cannot be imaged in second modality, the location of anatomical 
landmark may still be determined in the coordinate system by its previously determined 
positional relation to the markers 110. As such, because the markers 1 10 are imagable in 
second modality 195 of Figure IB, the position of the anatomical landmark can be 
determined based on the established internal coordinate system. 
[0061] Figure 2 A illustrates an embodiment of a sensor device having one or 

more markers disposed on its casing. In this embodiment, sensor device 100 includes 
multiple markers 200 that are coupled to the casing of the sensor device. Sensor device is 
shown with four markers only for ease of illustration. In alternative embodiments, sensor 
device 100 may have more or less than four markers 200 or no markers at all. Although 
Figure 2 A illustrates markers 200 disposed along length 103 of sensor device 100, the 
markers 200 may be disposed in any configuration on sensor device 100. In one 
embodiment, length 103 may be, for example, less than 26 millimeters. Alternatively, 
sensor device 100 may have another length. In another embodiment, markers 200 may be 
disposed in sensor device 200 as illustrated in Figure 2B. 

[0062] In one particular embodiment, for example, the marker seeds 200 may be 

cylindrical in shape and have a length 203 in the approximate range of 3.0 and 6.0 
millimeters and a diameter in the approximate range of 0.5 and 3.0 millimeters. In 
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alternative embodiments, marker seeds 200 may have other shapes (e.g., rectangular, 
spherical, etc.) and other dimensions. 

[0063] It is desirable that the sensor device 100 does not move relative to the 

target volume once implanted in the patient. In one embodiment, one or more of the 
markers 200 may be completely solid with a smooth surface or porous throughout its 
entire volume. Alternatively, one or more of the markers 200 may have a combination of 
dense material and porous material that may be used to promote imaging detectability 
along with tissue adhesion. 

[0064] Alternatively, other materials (e.g., tungsten or tantalum) and 

combinations of materials may be used for the markers 200. For example, if MRI 
imaging is to be used, the material(s) for the markers 200 may be chosen to be 
particularly effective in MRI applications. The markers 200 may be generated from 
materials chosen to minimize perturbation of a magnetic field. In one such embodiment, 
the marker may be made from a combination of materials having magnetic 
susceptibilities of opposite sign as discussed above with respect to markers 110 of Figure 
1A. 

[0065] Figure 3 illustrates one embodiment of a sensor device having a casing 

with multiple imaging properties. In one embodiment, for example, different sections 
(e.g., 310 and 320) of the casing of sensor device 100 may be fabricated to have different 
imaging properties. 

[0066] As previously noted, the markers 200 and/or imaging properties may be 

disposed in various locations on sensor device 100 and in different patterns on sensor 
device 100. As such, the orientation of sensor device 100 can be determined through the 
use of multiple markers 200 of Figures 2 A, 2B or multiple imaging property regions (e.g., 
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310 and 320) of Figure 3. If several senor devices 100 are placed in the body 105, they 
may each have different marker properties such as through means of multiple imaging 
markers disposed thereon/therein or multiple imaging properties integral in the sensor 
device's construction (e.g., part of its casing), thereby making it possible to determine 
specific device location as well as a device's orientation. 

[0067] One or more of senor device 1 00 and markers 1 1 0 may be localized by an 

image system as illustrated in Figure 4. Figure 4 illustrates one embodiment of a system 
400 that represents a treatment planning and/or delivery system. While at times discussed 
in relation to a treatment planning system, system 400 also represents a treatment delivery 
system. As such, beam 402 may represent both an imaging beam and a treatment beam 
depending on the context of the discussion. The planning system and the treatment 
system may be physically different machines or incorporated together within a machine. 
In one embodiment, for example, the delivery system may be, for examples, a Clinac® 
Linear Accelerator and a Multi-Leaf Collimator (MLC™) available from Varian Medical 
Systems, Inc. of California. The configuration of system 400 shown is only for ease of 
discussion and illustration purposes and various other configuration known in the art may 
be used, for example, imager 405 may be located on a gantry rather than incorporated into 
treatment table 404. It should also be noted that the imaging system 400 may be 
discussed in relation to particular imaging modalities only for ease of discussion and that 
other imaging modalities maybe used as mentioned above. 

[0068] Shown in Figure 4 is a body 1 05 supported by a treatment table 404 and an 

imager 405. An imaging source (e.g., kilo voltage x-rays, mega voltage x-rays, 
ultrasound, MRI, etc.) 406 may be located, for example, in gantry 408 and imager 405 
may be located, for example, beneath body 105 opposite that of the imaging source 406. 
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The imager 405 is positioned to detect and receive the beam 402 generated by imaging 
source 406. The output images of the imager 405 are sent to computer 510. 
[0069] Computer 510 receives the output images of imager 406 that includes the 

image of at least one of markers 110, sensor device 100 and/or an anatomical landmark. 
The images received from imager 406 are used by computer 510 to develop a coordinate 
system for markers 110. At a first treatment session using a first imaging modality, 
markers seeds 110 and a sensor device 100 (and/or an anatomical landmark) are detected 
and the coordinates for each of the markers 1 10 are determined and stored in computer 
510. Thereafter, at a subsequent session, using a different imaging modality, system 400 
can detect the markers 110 and determine their position in the coordinate system by 
comparison to stored data in computer 510. The position of the sensor device 110 and/or 
anatomical landmark not imagable in the second modality may then be determined by 
computer system 510 through using the previously established coordinate system, as 
discussed above. 

[0070] Figure 5 illustrates one embodiment of digital processing system 510 of 

Figure 4 representing an exemplary workstation, personal computer, laptop computer, 
handheld computer, personal digital assistant (PDA), closed-circuit monitoring box, etc., 
in which features of the present invention may be implemented. 
[0071] Digital processing system 510 includes a bus or other means 1001 for 

transferring data among components of digital processing system 510. Digital processing 
system 510 also includes processing means such as processor 1002 coupled with bus 
1001 for processing information. Processor 1002 may represent one or more general- 
purpose processors (e.g., a Motorola PowerPC processor and an Intel Pentium processor) 
or special purpose processor such as a digital signal processor (DSP) (e.g., a Texas 
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Instruments DSP). Processor 1002 may be configured to execute the instructions for 
performing the operations and steps discussed herein. For example, processor 1002 may 
be configured to execute instructions to cause the processor to track vascular intervention 
sites. 

[0072] Digital processing system 5 1 0 further includes system memory 1 004 that 

may include a random access memory (RAM), or other dynamic storage device, coupled 
to bus 1001 for storing information and instructions to be executed by processor 1002. 
System memory 1004 also may be used for storing temporary variables or other 
intermediate information during execution of instructions by processor 1002. System 
memory 1004 may also include a read only memory (ROM) and/or other static storage 
device coupled to bus 1001 for storing static information and instructions for processor 
1002. 

[0073] A storage device 1007 represents one or more storage devices (e.g., a 

magnetic disk drive or optical disk drive) coupled to bus 1001 for storing information and 
instructions. Storage device 1007 may be used for storing instructions for performing the 
steps discussed herein. 

[0074] In one embodiment, digital processing system 510 may also be coupled via 

bus 1001 to a display device 1021, such as a cathode ray tube (CRT) or liquid crystal 
display (LCD), for displaying information to the user. Such information may include, for 
example, graphical and/or textual depictions such as coordinate systems, markers, sensor 
devices and/or anatomical landmarks as illustrated by images 450 of Figure 4. An input 
device 1022, such as a light pen, may be coupled to bus 1001 for communicating 
information and/or command selections to processor 1002. Another type of user input 
device is cursor control 1023, such as a mouse, a trackball, or cursor direction keys for 
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communicating direction information and command selections to processor 1002 and for 
controlling cursor movement on display 1021. 

[0075] A communications device 1026 (e.g., a modem or a network interface 

card) may also be coupled to bus 1001. For example, the communications device 1026 
may be an Ethernet card, token ring card, or other types of interfaces for providing a 
communication link to a network, such as a remote diagnostic or monitoring system, for 
which digital processing system 510 is establishing a connection. 
[0076] It will be appreciated that the digital processing system 510 represents only 

one example of a system, which may have many different configurations and 
architectures, and which may be employed with the present invention. For example, 
some systems often have multiple buses, such as a peripheral bus, a dedicated cache bus, 
etc. 

[0077] Figure 6 illustrates one embodiment of a method of localizing a landmark. 

In a treatment planning stage, markers 110 (and one or more of sensor device 100, if 
desired) are implanted in a target volume 403 of Figure 4, step 610. The implantation 
may be performed in a manner discussed above with respect to Figures 1 A and IB. 
Typically, as part of a tumor radiation treatment planning process, the isocenter of a 
treatment beam (having known size and shape), that will be used to treat a patient, is 
determined (e.g., by a physician) in order to accurately position the body, and hence a 
tumor, within a radiation beam during treatment. For example, during treatment planning 
a series of CT slices of the body 105 through the target volume 403 may be taken. A 
physician may view a tumor in the CT slices (e.g., presented in either 2D or 3D) and 
define a boundary for the treatment volume 403 on computer 501 display of one or more 
of the CT slices. Treatment planning software known in the art may be used to calculate 
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the isocenter 401 based on the defined boundary. In one embodiment, for example, 
Eclipse™ treatment planning software available from Varian Medical Systems, Inc. of 
California may be used. Alternatively, other treatment planning software may be used. 
Such accurate positioning maximizes the treatment radiation dose delivered to a tumor 
while minimizing the radiation dose to surrounding normal tissue. 
[0078] In one embodiment, as part of a treatment planning process, the 3D 

coordinates of the implanted markers 1 10 may be localized relative to the isocenter 401 
(hence the target volume 403) of the treatment machine beam 402. The markers 110 may 
be imaged in a first imaging modality, step 620, using, for example, a series of CT slices 
of the body 105 through the target volume 403. CT measures the average x-ray absorption 
per volume element (voxel) in slices projected through body 105. A planning CT set 
where automated or user-assisted techniques known in the art may be used to identify the 
markers 1 10 in the CT slices (e.g., using computer system 510). Alternatively, the 
localization of the markers 110 maybe performed in other imaging modalities and also at 
other times (e.g., before or after the treatment planning session). The first modality 
images may be imported to a computer system (e.g., computer system 510) for 
determination of the 3D reference coordinates of the markers 1 10. 
[0079] Using the information from step 620, and assuming the treatment beam 

isocenter 401 is known, the 3D reference coordinates of each marker 1 10 relative to the 
isocenter 401 may be determined using software techniques known in the art, step 630. 
In the embodiment where localization of the markers is performed prior to treatment 
planning (hence the isocenter 401 is not yet known), the voxel coordinates of the markers 
maybe stored (e.g., in computer system 510) and translated to the reference coordinates 
relative to the isocenter 401 once the isocenter 401 is determined. The coordinates of the 
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reference markers may be displayed to a user, for example, using a graphical user 
interface as illustrated, for one embodiment, in Figure 15. In this embodiment, for 
example, the 3D reference coordinates (x, y, z) of each marker relative to isocenter 401 
are determined with: a positive x value increasing when the marker is farther away from 
gantry 408, a positive y value increasing when a marker is farther to the left when viewed 
from gantry 408; a positive z value increasing when a marker is farther down from gantry 
408. Alternately, other positional relationships may be used for the coordinates. 
[0080] It should be noted that other methods may be used to localize the markers 

1 10. In another embodiment, for example, digitally reconstructed radiographs (DRR) 
produced from different view angles using a CT set, as illustrated in Figure 14, can be 
used to localize the markers by triangulation methods known in the art. Figure 14 
illustrates a first view angle 1410 and a second view angle 1420 being, for example, 270 
degrees offset with respect to view angle A. The DRRs of Figure 14 may include the 
field shape (e.g., field shape 1430) of the markers. In yet another embodiment, the 
marker 1 10 locations may be manually entered by a user of the system using techniques 
such coordinate entry or marking through a graphical user interface. 
[0081] As previously mentioned, daily treatment machine setup variation and 

various types of organ movement from that encountered in the treatment planning session 
contribute to uncertainty in the position of the target volume 403 relative to the treatment 
machine beam 402 isocenter 401 during a particular treatment session. In order to 
minimize any such positional offset, markers 1 10 are used to more closely align target 
volume 403 with the treatment beam 402. Since the 3D reference coordinates of each 
marker 1 10 relative to the planning isocenter 401 was determined in step 630 then, if the 
markers 1 10 are imagable during the treatment session, any offset of the markers 1 10 
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position with respect to the known beam isocenter at the time of treatment may be 
determined and corrected. 

[0082] To achieve this, in a particular treatment session, the markers 1 1 0 are 

imaged in a second modality, step 640. The second modality may be the same as the first 
modality. Alternatively, the second imaging modality used to acquire the images in step 
640 may be different than the first imaging modality. In one embodiment, the second 
modality images may be X-ray images acquired using, for example, a MV portal imager 
and/or a KV imager. It is assumed that the reference coordinates of the imager 405 are 
calibrated relative to the treatment machine isocenter 401. 

[0083] In step 650, the markers 1 10 (e.g., radio-opaque) in the second modality 

images (e.g., X-ray) are identified. It should be noted that the second modality images 
may contain non-marker objects or images that may be considered to be markers (false 
markers). In one embodiment, falsely detected markers may be removed from the set of 
identified markers, as discussed in relation to Figure 7. 

[0084] In step 660, each marker 1 1 0 identified in the second modality image of 

step 650 is correlated with its 3D reference position as determined in step 620 after 
projecting the marker from 3D to the 2D image domain based on the known geometry of 
the acquired image. In one embodiment, the identified markers 1 10 in step 650 are those 
that pass the consistency tests discussed below in relation to Figure 7. Alternatively, 
consistency tests need not be employed or other types of screening may be performed to 
arrive at a set of identified markers. 

[0085] The 2D coordinates of the identified markers 1 1 0 are used to find the 

position and orientation of the marker set relative to the treatment machine isocenter 401, 
step 660. In one embodiment, the position and orientation of the markers 110 relative to 
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the treatment machine isocenter 401 may be determined by triangulation from two or 
more images. For example, stereoscopic representations of a treatment volume 403 can 
be obtained by merging data from one or more imagers taken at different locations. 
Treatment couch 404 can position the patient and, thereby, a treatment volume 403, 
within a radius of operation for the treatment machine 400. At a single gantry 408 
position, or through gantry rotation, multiple single images can be generated at different 
radial locations and any two images may be selected and merged by computer 510 into a 
stereoscopic representation of the treatment volume. The stereoscopic representation can 
be generated to provide 2D cross-sectional data for a selected radial position. The 
stereoscopic representation can be used to determine the 3D coordinates of the markers 
110 relative to known treatment beam isocenter 401. Alternatively, other triangulation 
techniques may be used. Triangulation techniques are known in the art; accordingly a 
detailed discussion is not provided. 

[0086] In an alternative embodiment, for another example, the position and 

orientation of the markers 110 relative to the treatment machine isocenter 401 may be 
determined using a single view position and orientation estimation of a rigid structure 
defined by the step 630 reference marker coordinates, as discussed in pending US patent 
application 10/234,658, which is herein incorporated by reference. The former 
embodiment method may be better suited for less rigid targets such as a prostate or liver. 
The later embodiment method may be effective for strictly rigid targets such as bony 
tissue. Alternatively, yet other methods may be used to determine the position and 
orientation of the marker set. 

[0087] For the detected markers, the 3D coordinate of each marker 110 with its 

corresponding 3D reference coordinate (e.g., 3D reference coordinate position 810 of 
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Figure 8 A) is compared to determine the offset between the two data sets (e.g., in the 
form of delta x, y, and z values), step 670. Ideally, if the patient body 105 were 
positioned perfectly, there should be no offset between the two data sets, i.e., the markers 
1 10. In practice, however, there may be some offset (e.g., offset 815) between the two 
sets as illustrated in Figure 8 A. 

[0088] It should also be noted that not all of the implanted markers 1 1 0 may be 

imaged or identified in step 650. The position of the unidentified markers in step 650 
may be determined based on the positional relationship between the reference markers 
positions acquired in step 620. In one embodiment, a rigid body transform may be 
estimated that, when applied to the reference marker set, minimizes the means square 
error between the 3D coordinates of the identified markers 1 10. When the rigid body 
transform is applied to the reference marker set, including the markers that were not 
detected in the second imaging modality of step 650, an estimated position of the 
undetected markers in the second modality may be obtained. In one embodiment, for 
example, the undetected marker may actually be sensor device 100 (with or without 
marker properties) not imagable in the second modality 195 of Figure IB or step 640 of 
Figure 6. In an alternative embodiment, for example, the undetected marker may actually 
be an anatomical landmark rather than one of the markers. 
[0089] In step 680, based on the offset position and orientation differences 

between the reference marker set and treatment session's marker set, the needed 
adjustments to the patient setup (e.g., position and/or orientation of couch 404) and/or 
adjustments to the treatment beam 402 (e.g., gantry 408 angle, collimator rotation angle, 
etc.) may be estimated in order to achieve the best match between treatment geometry and 
the planned geometry for the target volume 403. It should be noted that offset 



28 



Attorney Docket No.: 005513P017 



information may be determined in other manners. In an alternative embodiment, for 
example, the center of mass (centroid) of both the reference marker set and treatment 
session's detected marker set may be calculated and compared to determine the positional 
offset between the two. 

[0090] Figure 7 illustrates one embodiment of detecting a marker and removing a 

false marker in an image. In this embodiment, falsely detected markers in step 650 may 
be removed from the set of identified markers. As discussed above in relation to step 
660, after projecting the markers 1 10 based on the known geometry of an acquired image, 
the image 71 1 and a region of interest (ROI) 712 for the image are provided to a 2D size 
and shape consistency test, step 720. The 2D size and shape consistency test is performed 
to identify markers in an image. In one embodiment, the 2D size and shape consistency 
test may be performed using an automatic detection algorithm utilizing a median filter 
and/or connected component analysis. 

[0091 ] Figure 9 illustrates one embodiment of a median filtering of an image 

containing a marker. Median filter 905 may be used to filter intensity values of pixels of 
an image to determine whether a particular image pixel contains a portion of a marker (or 
other imagable object) or background noise. 

[0092] In this embodiment, for a certain number of pixels in an image (e.g., pixel 

901, pixeli, etc.), the median filter evaluates a certain number of perimeter pixels (e.g., 
PI, P2, PN, etc.) of an approximate circle, or "ring," (having a certain approximate 
radius) around that center pixel (e.g., pixeli). The median filter 905 takes the median 
intensity values of the perimeter pixels (e.g., pixels PI, P2, etc.) and subtracts the median 
values from the evaluate center pixel (e.g., pixeli) to output a filtered pixel intensity value 
Pixel 0 . The Pixel 0 values are used to generate a filtered image as illustrated in Figures 
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10-12 below. The effect of median filter 905 is to remove the background intensity noise 
of an image to produce a filter imaged with better visual distinction between markers 1 10 
and the original image background, as illustrated in Figures 10A and 10B below. 
[0093] In one particular embodiment, for example, N=16 (i.e., the ring median 

filter evaluates 16 perimeter pixels). The radius 910 is selected to be greater than half the 
marker width 915. In one particular embodiment, for example, the radius 910 of the 
circle is selected to be approximately 10 pixels based on known size of a pixel and the 
known size of an implanted marker 1 10. In another embodiment, the ring diameter (2 x 
radius 910) is selected to be approximately 2.6 times the marker width 915 in pixels, 
which is independent of pixel 901 size. This causes the median statistics to represent the 
median of the background (non-marker) pixels even when the ring intersects with marker 
110. 

[0094] Alternatively, other evaluation region perimeter shapes (e.g., elliptical, 

rectangular, square, etc.), dimensions, number of pixels evaluated in an image, number of 
perimeter pixels, etc. may be used. In an alternative embodiment, the other filtering (e.g., 
mean filtering) and background subtraction techniques known in the art may be used. 
[0095] Figures 1 OA and 1 0B illustrate image ROIs containing a marker and no 

marker (just background), respectively, after the use of a median filter 905 in the 2D size 
and shape consistency test 720. As discussed above in relation to Figure 7, in one 
embodiment, the 2D size and shape consistency test 720 may also utilize a connected 
component analysis to further screen markers 1 10 from the background of an image. In a 
connected component analysis, all connected components in an image are found. In order 
to remove noise contours, regions with small areas are filtered according to a threshold. 
The threshold may be decreased or increased based on the size of the markers 1 10. 
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Figures 1 1 A and 1 IB illustrate image ROIs containing a marker and no marker (just 
background), respectively, after a connected component analysis with a low threshold. 
Figures 12A and 12B illustrate image regions containing a marker and no marker (just 
background), respectively, after a connected component analysis with a higher threshold 
than used for the images of Figures 1 1 A and 1 IB. Connected component analysis 
techniques are known in the art; accordingly a detailed discussion is not provided. 
[0096] Referring back to Figure 7, after 2D size and shape consistency test 720 is 

performed, a marker list 721 of the identified markers is then output to a 3D geometric 
consistency test 730. The 3D geometric consistency test 730 may be used to screen out 
false markers. In one embodiment, the 3D geometric consistency test 730 may be 
performed using an epipolar coincidence constraint. This condition is based on the 
availability of a pair of stereo images, as illustrated in Figure 8B. A point (pixel position) 
in image A is back projected as a line in 3D space. The image of this 3D line in the other 
image B of the stereo pair is the epipolar line 850. Therefore, when a marker 1 10 is 
detected in one image (e.g., image A), its projection in the other image (e.g., image B) 
must lie on, or very close to, the epipolar line 850 of the first image position of the 
marker 1 10. The degree of expected closeness depends on the amount of calibration 
error. The epipolar constraint may be used to define search areas for detection in one 
image based on a detection in another image and to discard false detections that do not 
satisfy the constraint. At times a marker 110 may be detected with high confidence in 
one image while being barely visible in the other image of the stereo pair. In one 
embodiment, the epipolar line 850 may be used to setup a search region with lower 
detection threshold in the image where the marker 1 10 is less visible. 
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[0097] The 2D size and shape consistency test and the 3D geometric consistency 

test may be performed for either a region of interest, or one or more markers. It should be 
noted that a subset or variation of the above steps of Figures 6 and 7 may be used for 
cases with fewer images and/or fewer markers. 

[0098] As previously mentioned, by comparing the position of the markers 1 1 0 in 

a treatment session with their reference position, adjustments to the patient body 105 
position and orientation, and/or treatment beam 402 direction and shape may be 
calculated in such a way that the actual target volume 403 relative to the treatment beam 
402 is as close as possible to the planned target volume 403 with possible adjustments to 
the shape of the beam 402 to accommodate possible landmark (e.g., tumor) deformations. 
The patient and beam adjustments that can be estimated, and the accuracy of the 
estimation, vary depending on the number of the implanted markers 1 10, the number of 
markers 110 that are visible in the image generated in the second imaging modality in the 
treatment session, the number of images acquired in a treatment session, and the rigidity 
of the target volume 403. Example cases include (but are not limited) to the ones 
discussed below in relation to the table of Figure 13. 

[0099] Figure 13 is a table illustrating the relationship between various 

localization parameters. Table 1300 includes columns 1310, 1320, 1330, and 1340. 
Column 1310 contains information on the rigidity (e.g., how fixed is the spacing between 
markers 1 10 over the treatment course) of a target volume 403. Column 1320 contains 
the number of implanted markers 1 10 that may be visible in an image. Column 1330 
contains adjustments to the patient body 105 and/or treatment beam 402 positioning that 
can be estimated. Column 1340 contains the number of positioning images in each 
treatment session that may be necessary. 
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[00100] In one embodiment, the adjustments (e.g., patient and/or beam) that can be 
estimated (and the accuracy of the estimation) and the number of positioning images that 
may be required in a treatment session may be based on (1) the rigidity of the target; and 
(2) the number of visible markers in an image. 

[00101] The rigidity of a target is may be defined in relative terms. The 
effectiveness of implementing some of the estimated adjustments mentioned in the above 
table depends on how rigid the target is. For example the rigidity assumption may be 
generally accepted for markers 1 10 attached to a bony target. In contrast, a prostate may 
deform and change in size during the course of treatment to some greater extent than a 
bony target. To treat the prostate as a deformable target and actually adjust the shape of 
the MLC for each field of each treatment session, a larger number of markers 1 10 spread 
somewhat uniformly throughout the target volume 403 may be required. MLC are 
discussed, for example, in U.S. patents 5,166,531 and 4,868,843, which are both herein 
incorporated by reference. 

[00102] In the foregoing specification, the invention has been described with 
reference to specific exemplary embodiments thereof. It will, however, be evident that 
various modifications and changes may be made thereto without departing from the 
broader spirit and scope of the invention as set forth in the appended claims. For 
example, the 3D reference coordinates of a marker need not be directly related to a beam 
isocenter. The reference coordinates of a marker 1 10 may be determined relative to the 
isocenter indirectly by correlation to another coordinate system (e.g., external room 
coordinates) or object having a known relation to the beam isocenter. The specification 
and drawings are, accordingly, to be regarded in an illustrative sense rather than a 
restrictive sense. 
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